Abstract-This paper presents a new approach and preliminary results for MEMS-enabled low-cost and high throughput parallel scanning probe nanolithography. The proposed approach is based on integrated microelectromechanical systems capable of simultaneous generation of a large number of identical nanoprecision patterns on a substrate. Integration of two-degree-of-freedom MEMS actuators with two-dimensional nanoprobe arrays as well as preliminary results for simultaneous generation of multiple submicrometer patterns using such devices is reported. Electrical cross talk between the fully silicon fabricated actuators along X-and Y-axes has been eliminated by optimizing the design. Scratch marks as narrow as 250 nm and as long as 42 μm have been generated on a thin photoresist layer, which was spin-coated on a silicon substrate using the electrothermal MEMS structure carrying up to 25 nanotips. Furthermore, the submicrometer patterns have been successfully transferred to the underlying silicon substrate via reactive ion etching. Patterns as narrow as 250 nm (∼60 nm in depth) were obtained on the underlying silicon substrate.
I. INTRODUCTION
Over the past few decades, there has been an ongoing transition from the micro-scale to the nano-scale to achieve faster, more power efficient and more integrated electronic and electromechanical devices and systems. Photolithography has been the major drive for transitioning towards smaller size devices. However, constraints associated with photolithography at the nano-scale (wavelength of the light source) in terms of minimum achievable feature size, and other limitations has steered researchers to search for alternate approaches based on recent nanotechnological discoveries. Despite significant advances made in the field of nanolithography, a cost-efficient, high throughput nanolithography technique is yet to be developed. Most of the conventional high precision nanolithography techniques are based on direct serial writing [1] . In such techniques, the substrate is scanned with a beam of electrons (electron beam lithography (EBL) [2] ) or ions (focused ion beam (FIB) [3] ) or a nanomechanical probe tip (scanning probe lithography (SPL) [4] ). As for the EBL and FIB, they require sophisticated generators, controllers and readers making them too bulky and costly to allow parallel processing capability. Most SPL techniques rely on the removal or formation of a passivation layer through etching, oxidation or grafting [5] - [8] . SPL can be performed without the need for exposing the substrate to harsh conditions such as ultraviolet, ion-or electron-beam irradiation, or chemicals. Furthermore, the throughput of SPL techniques can be improved using a large array of nanomechanical tips. One of the concerns associated with SPL is to achieve uniform contacts between large arrays and the sample substrates over large areas. In recent years, several attempts have been made to overcome this problem by introducing new techniques, for example, polymer pen lithography [9] - [11] and hard-tip soft-spring lithography [12] . Such state-of-theart arrays are mounted onto customized AFM scanners for generating simultaneous patterns on target substrates. Despite demonstrating promising results, these techniques rely on sophisticated AFM systems and external actuation and readout apparatus.
Resistive heating of an atomic force microscope tip has also been used to perform thermally induced surface modifications. Mamin has made use of this mechanism to heat the AFM tip to 170°C for 4 ms to produce an array of sub-100 nm pits on a polycarbonate substrate [13] . The heated tip, on making contact with the surface cools down, due to which patterns only as long as ∼4 μm were created. The response time to create these patterns was about 0.2 ms after which the tip needed to be heated back again to continue writing. The extended concept, developed by IBM, also called "Millipede" uses an array of AFM-type probes to write, read and erase data on very thin polymer films [14] - [15] . This technique shows great potential for data storage applications but power consumption is a considerable issue as the AFM tip is heated to above 300°C. Furthermore, since thermal sensing is based on the thermal resistance differences, good cantilever resistance uniformity across the array is very crucial.
The presented approach in this work is to use relatively simple microscale movable nano-probe arrays that could be easily fabricated out of bare silicon using conventional microfabrication techniques without the need for any material integration or complex processing. Accommodating a very large number of MEMS actuators, each of which carries an array of integrated nano-probes could offer a convenient shortcut towards wafer level parallel scanning probe nanolithography at a much more affordable cost [16] - [18] .
II. DEVICE DESIGN, FABRICATION AND OPERATION PRINCIPLES

A. Device Description and Design
The goal of this work is to integrate two-dimensional (2-D) arrays of silicon nano-probes on a movable platform scanning the substrate in the X and Y directions. The whole structure is to be a monolithic piece of crystalline silicon fabricated on a silicon-on-insulator (SOI) wafer. Mechanical design of the actuators should be such that the X and Y actuators are mechanically decoupled, i.e. activation of the X actuator should not affect the position of the probes in the Y direction and vice versa. On the other hand, since the whole structure is made of only one conductive layer, electrical isolation of the two actuators should be addressed in the design.
Due to their simplicity, ease of fabrication, and ability to generate relatively large force with low actuation voltages, thermal actuators are used in this work. To achieve large range of motion, which is typically a challenge for thermal actuators, bent-beam thermal actuators, also known as "chevron," are incorporated in the design. Such structure acts as a levering mechanism amplifying the range of motion by a large factor in exchange for lower propelling force. In this manner, small elongations in the arms of the chevron actuator due to thermal upon application of the actuation voltage across the beams (Joule's heating) can lead to significant displacements in the perpendicular direction as shown in Fig. 1(a) . Based on the trigonometric relationships in a chevron shaped beam, for small displacements, the amplification factor, expressed as the ratio of change in the vertical distance x to that of half-length of the beam L, can be approximated as:
where L is half the length of the entire beam (length of one of the bent sections) and x is the vertical distance between the center of the beam and the base of the triangular structure. Fig. 1(a) shows the COMSOL model of a chevron beam demonstrating this amplification effect. An input current is given to a chevron beam with a half-length of 1080 μm, 40 μm width and 100 μm thickness. The deflection of the beam as simulated by COMSOL for a 90 mA input current is ∼39 μm, demonstrating an amplification factor of ∼14×. By increasing the length of the beam or by reducing the angle between the beams and the straight line connecting the two ends, one can amplify the displacement by orders of magnitude. Fig. 1(b) illustrates the surface temperature profile of the chevron actuator for a 90 mA bias current. The maximum temperature that the chevron beam attains is ∼295°C for this bias current. Fig. 2 shows the SEM view of a fabricated first generation device consisting of two similar electro-thermal chevron actuators providing displacements with two-degrees-of-freedom (2-DOF). The relatively thick support beams and actuators in this initial version lead to excessive mechanical coupling between the X and Y actuators. Furthermore, the two actuators sharing a ground connection would always result in a flow of current through the probe platform and its support beams from one actuator to the other. As a result, distorted shapes shown in Fig. 2 (b) would be generated when the actuators were actuated individually in a sequential manner to form a rectangular pattern [13] , [14] . Fig. 3 shows the improved design of a second generation device with slimmer tethers and electrically isolated X and Y thermal actuators. Each chevron actuator is comprised of a pair of 1080 μm long and 40 μm wide inclined beams. The center of the inclined beams is located 75 μm above its imaginary base and the point at which the two inclined beams of the X and Y direction chevron intersect is linked to a central platform that carries an array of nanotips. Such configuration amplifies the elongation of the actuator beams due to thermal expansion by ∼14× allowing a wide range of displacement for the tips when scanning the sample surface. Twenty five nano-probes are integrated on a single moving stage which is 300 μm in length and 300 μm in width that undergoes spinless XY movements because of its symmetrical arrangement.
The issue of electrical cross-talk between actuators was resolved by introducing two isolated signal pads for each of the actuators. Although this ensured some electrical isolation between the two axes, as the common connection to the movable stage and both actuators are fabricated onto a single monolithic conductive layer of silicon, some significant electrical coupling would still affect the performance. To eliminate this effect, a differential voltage actuation mechanism was introduced as shown in Fig. 3 . While the actuators are still electrically connected by the force transfer beams and the probe platform, differential actuation of the two actuators ensures that the central point of each actuator, where the force transfer beams are connected, are always biased at close to zero (virtual ground). In this manner, the amount of parasitic current flowing from one actuator to the other will be negligible.
B. Microfabrication
Single crystalline silicon microactuators with integrated nano-tip arrays were fabricated on a SOI substrate using conventional front-side and backside micromachining steps as shown in Fig. 4 . Formation of suspended silicon structures on SOI substrates is quite trivial and can be accomplished by patterning the silicon device layer followed by removal of the buried oxide layer underneath the structures. For the large structures in this work with overall dimensions in the 3-4 mm range that required vertical flexibility, the silicon handle layer underneath the devices is also removed to avoid stiction of the device to the handle layer, or contacts with the handle layer during operation. The backside opening also allows optical inspection and monitoring of the device under an optical microscope. The main fabrication challenge for such devices is formation of the nano-tips using regular microfabrication techniques as part of the actuators. Isotropic etching of silicon is a very simple technique that can be used to form sharp probe tips. For this purpose, a microscale array of islands of a mask layer (silicon dioxide in this case) is formed on the silicon surface. When exposed to silicon isotropic plasma etch, the islands are undercut leaving behind a sharp silicon peak under each island. The timing of the process should be monitored and controlled closely to stop the process as soon as the undercut of the islands completes. Excessive etching could remove the sharp peaks and flatten the surface as shown in Fig. 4 .This occurs due to continued etching of the silicon probe tip as the nitride mask used for the isotropic etch falls off after the probe tip becomes very sharp. Since the rest of the structure is also made of silicon, a protective layer should cover all the silicon sidewalls during the isotropic etch that forms the nano-tips. The devised fabrication process sequence to satisfy all such requirements is shown in Fig. 5 . A thick layer of LPCVD silicon oxide (2 μm) is first deposited and microscale circular patterns, 30 μm in diameter, for generating nanotips were created in the oxide mask as shown in Fig. 5(a) . The oxide layer is not etched back all the way down after this patterning step and it is etched only half way through, keeping the remaining oxide thickness as a mask layer for the next lithography step that patterns the actuators on the device layer. In this manner a thicker oxide layer is left at locations where the nano probes are to be formed, while the rest of the substrate is covered by an oxide layer almost half as thick. The remaining oxide is then patterned and etched to form the hard mask for the X and Y silicon actuators on the top side as shown in Fig. 5(b) . A back side lithography and etch is then performed to remove the silicon handle layer (400 μm) underneath the actuator moving parts via deep reactive ion etch (DRIE) of silicon. The silicon device layer (100 μm) is then etched via DRIE with the previously patterned oxide mask acting as the mask layer transferring the X and Y actuators, probe platform, and force transfer and support beam patterns into the silicon device layer as shown in Fig. 5(c) .
Before creating the nano-probes via isotropic etching of the silicon device layer, a thermal oxidation step was performed forming a conformal protective oxide layer over all the exposed silicon surfaces (including sidewalls). The thermal oxide was then etched back on the top surface anisotropically via reactive ion etching, while leaving behind oxide-nanowalls (100 nm) that covered the silicon structure sidewalls (see Fig. 5(d) ). This thin oxide layer protects the device critical features during the isotropic silicon etching step for forming the nano-tips. Anisotropic etching of the oxide layer also ensured removal of the remaining initial LPCVD oxide mask from the rest of the structure while leaving behind part of the thicker layer of oxide initially patterned as islands for the nano-probes. The probes were then formed by isotropic plasma etching of silicon as shown in Fig. 5(e) . Finally, the silicon chips were dipped in hydrofluoric acid (HF) for removing the oxide sidewalls and the SOI buffer oxide layer (see Fig. 5(f) ). Fig. 6 shows SEM views of the fabricated devices. Sharp probe-tips as narrow as 10 nm have been successfully fabricated along with the millimeter scale silicon actuators using the presented fabrication process.
III. RESULTS AND DISCUSSION
A. Generation of Patterns
To perform the pattern generation experiments with the fabricated devices, the actuator chips were placed on a specially designed PCB which consisted of an opening underneath the chip platform as shown in Fig. 7(a) . The chip was placed on the PCB in a way that the movable stage that consisted the nano-probes was visible through the backside opening as shown in Fig. 7(b) . This allowed monitoring of the device performance during operation. Long wirebond pads were incorporated in the actuator layouts to have sufficient room for placing a sample substrate (the substrate on which patterns are to be generated) in contact with the moving platform without running into the wirebonds (see Fig. 7(a) ).
Silicon chips coated with 800 nm thick photoresist were used as sample substrates for pattern generation. The sample substrates were brought into contact with the actuator chips, using a z-axis micropositioning system, gradually bringing the stage closer to the chip mounted on the PCB until eventually the probes made contact to the substrate. The device operation was then monitored using an inverted microscope as shown in Fig. 7(c) . Differential actuation and separate connections for each of the X and Y actuators was utilized to eliminate the electrical crosstalk between the two axes.
Voltage displacement characteristics of both actuators of a fabricated device were measured using a high magnification optical microscope. Fig. 8 shows the displacement recorded for each actuator while keeping the other actuator at rest. Both actuators show similar performance for the same input voltage. As is evident from the graph, the displacement-voltage relation is quadratic in nature due to the quadratic dependence of ohmic heating power (and therefore temperature) on the input voltage. Displacements as large as 42 μm have been demonstrated for the actuators by application of up to 8 V of actuation voltage (∼90 mA of actuation current). Patterns of Fig. 9 were generated by applying voltage to just one of the actuator beams while keeping the other at rest. Fig. 9 shows straight lines as narrow as 250 nm successfully generated. Slight non-uniformity of probe heights in the structure does not allow some probes to establish contact with the sample substrate or to dig deep into the photoresist layer. This causes some features to be relatively shallower or deeper than the others. By applying different combinations of voltages to the two perpendicular actuators, multiple square patterns were obtained. Based on the thermal conductivity of silicon and the physical dimensions of the structure, for a bias current of 90 mA, the maximum temperature attained by the chevron actuator is calculated to be 250°C which closely agrees with the simulated value for the same bias current. The thermal time constant of the chevron actuator in this design, primarily dependent on the cross-sectional properties can be approximated by neglecting the radiation effects due to the removal of the substrate itself (handle layer etched). By considering only the heat conduction along the actuator arm lengths, the thermal time constant for the chevron beam is estimated to be about 150-250 μs [19] . Fig. 10 shows the SEM images of such patterns that are as long as ∼42 μm. As is evident from Fig. 10 , the issue of coupling or electrical crosstalk between the x and y actuators which was observed in the initial design of Fig. 2 has been resolved due to the use of differential actuation mechanism and separate signal pads for each of the actuators. By varying the magnitude of the voltages given to the x and y actuators and different loading force, other desired shapes with targeted widths and depths can also be generated.
B. Transferring Patterns to Underlying Substrate
To reduce the complexity in the setup (mechanical Zdirection control) for generating nano-patterns, a new approach was opted. 400 nm spin-coated photoresist on silicon substrates was used as surface for generating patterns. These sample substrates were brought in contact with the moving platform consisting of an array of nano-probes by simply placing them on top the nano-probes. Patterns were then generated by actuating the X and Y actuators. To enhance the efficiency of the pattern generation, the sample substrate was gently pushed into the nano-probes. Although this ensured contact between all the nano-probes and the sample substrate, it also resulted in generating some features relatively deeper than the others. Once the patterns were generated on the PR coated silicon substrate, the silicon substrate was etched by a simple RIE etch process. The remaining photoresist (if any) was removed to obtain features on the Silicon substrate. Fig. 11 shows an array of patterns generated on a 400 nm thick photoresist before and after the pattern transfer. Due to the very thin layer of photoresist as a mask for etch process, some patterns were not transferred to the underlying substrate. The deformation at the beginning of every pattern is due to the pressure applied to the sample substrate pushing the sample into the moving platform. The features obtained on the top of the photoresist are as narrow as ∼780 nm and as long as ∼7 μm. The width at the bottom of the trench is much narrower and it determines the width of the transferred pattern. Once transferred to the underlying substrate and after removing the photoresist, the patterns generated on the silicon substrate were as narrow as ∼250 nm and ∼60 nm in depth.
IV. CONCLUSION
Fully silicon 2-DOF actuators with integrated nano-probe arrays with tips as small as ∼10 nm have been successfully fabricated using a relatively simple fabrication process on SOI substrates. Simultaneous generation of multiple features as narrow as ∼250 nm and as long as ∼42 μm have been shown using the fabricated microsystems. The electrical crosstalk between the X and Y axis actuators was successfully eliminated by refinements in the design and opting a differential actuation mechanism. Patterns generated on the photoresist were successfully transferred onto the underlying silicon substrate via a short reactive ion etch step.
The presented technique has the potential to enable a cost efficient, high throughput technology for parallel scanning probe nanolithography. In the next generation of such devices, independently anchored nanotips with soft coupling springs will be demonstrated to address the existing uniformity issues. Further narrowing down the patterns and completely transferring these patterns on to the underlying substrate would be among other future steps. 
